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. Cardiolipin is a key phospholipid expressed exclusively on the inner mitochondrial membrane that is required for ETC activity and is especially important for anchoring soluble cytochrome c to the inner mitochondrial membrane to facilitate electron transfer from CIII to CIV (7) .
Humans produce and consume about 65 kg of ATP every day, with the heart accounting for about 8% of ATP consumption daily or about 6 kg (8) . About 90% of cellular ATP within the myocardium is used to meet the enormous energy requirements for contraction and relaxation (both active processes and both ATP-dependent) (9) . Mitochondrial dysfunction therefore plays a central role in a wide variety of metabolic and cardiac disorders, including heart failure (HF) (10) . Dysfunctional mitochondria in skeletal muscle has been implicated in HF-associated exercise intolerance (11) and in the pathology of chronic metabolic disorders such as obesity and type 2 diabetes (12, 13) .
Because ATP cannot be stored, it is critical that the rate of ATP synthesis matches the rate of ATP consumption on a beat-to-beat basis (14) . This process is accomplished by mitochondrial oxidative phosphorylation within the ETC using fatty acids as the primary fuel source (15) . Although there are numerous reasons why a human heart can fail, the worsening of the HF state can be attributed, in part, to a mismatch between ATP supply and demand, also described as an engine "out of fuel" (8) . Pathologic left ventricular (LV) remodeling including chamber dilation and hypertrophy causes inefficiencies that increase energy demand but concomitantly reduce the capacity for energy supply (Figure 2 ) (14) . The subsequent altered bioenergetics attempt to regain energy homeostasis in the failing heart and are characterized by changes in substrate utilization,
including an initial up-regulation and subsequent reduction of glucose utilization and a decrease in fatty acid utilization (14) . Changes in oxidative phosphorylation are characterized by decreased energy production, with reductions in oxygen utilization, and respiratory-chain and ATP synthase activity.
Changes in high-energy phosphate metabolism associated with HF include impaired creatine kinase energy-transfer mechanism, increased free ADP levels, and, in advanced HF, reduced ATP content (8) .
Mitochondrial dysfunction also contributes to skeletal muscle performance limitations by reducing the ability of the mitochondria to meet the ATP demand of aerobic, slow-twitch, fatigue-resistant working muscles (16 including loss of electron-dense matrix and disruption of inner and outer membranes ( Figure 3 ) (17) (18) (19) .
In dogs with experimentally induced HF, there was a significant increase in the overall number of interfibrillar mitochondria (hyperplasia) and a significant decrease in the overall average size of mitochondria relative to normal dogs (17) , resulting in impaired mitochondrial respiratory activity (18) . Abnormal mitochondrial morphology is also observed in cardiomyocytes of humans with HF (20) (21) (22) . Human ischemic and idiopathic dilated cardiomyopathy are associated with functional mitochondrial abnormalities characterized by impaired respiration that can potentially adversely affect overall energy production and contribute to myocardial energy depletion (19) .
In dogs with HF, mild to severe mitochondrial injury, ranging from electron-dense matrix depletion to myelinization, and mitochondrial membrane disruption, was observed in 27% of mitochondria compared with only 3% in normal dogs (p < 0.001) (17) . Electron micrographs showed predominantly large mitochondria with tightly packed cristae and electron-dense matrix in cardiac tissue from normal dogs, whereas tissue from dogs with HF showed clearance of mitochondrial matrix and marked disorganization of mitochondrial cristae and severe mitochondrial injury including inner and outer membrane disruption and myelinization (17) .
Accordingly, the overall mitochondrial injury index (ratio of the number of injured mitochondria to the total number of mitochondria multiplied by the average score of the injury) was significantly higher in dogs with HF versus normal dogs. The extent of mitochondrial injury and injury index was similar across all the regions of the heart assessed (LV free wall, interventricular septum, and right ventricular free wall), and also correlated with increased plasma norepinephrine, suggesting a role for sympathoadrenergic hyperactivity in mitochondrial dysfunction in HF (17) .
Mitofilin, an inner mitochondrial membrane structural protein, maintains cristae morphology and structure. Down-regulation of mitofilin in HeLa cells using specific small interfering ribonucleic acid resulted in mitochondria with abnormal morphology characterized by disorganized inner membranes, increased apoptosis, elevated reactive oxygen species Cardiolipin is also a key regulator of mitochondrial biogenesis and fission and fusion dynamics. In dogs with HF, compared with normal dogs, cardiolipin synthase-1, a key enzyme in the synthesis of cardiolipin was significantly reduced (29) . The same study in dogs with HF also showed that the cardiolipin remodeling enzymes tafazzin-1 (TAZ-1) and acyl-CoA:lysocardiolipin acyltransferase-1 are dysregulated in HF. Specifically, TAZ-1 was significantly reduced and acyl-CoA:lysocardiolipin acyltransferase-1 was significantly increased in dogs with HF compared with normal dogs (29) . It is well known that certain diseases arise from genetic mutations that adversely impact the ability of cardiolipin to perform key functional processes. Barth syndrome, for example, is caused by genetic mutations of TAZ-1 and is clinically manifested as cardiomyopathy, skeletal myopathy, neutropenia, and OPA-1 ablation induces LV hypertrophy (47, 48) . In LV myocardium of dogs with chronic HF, Mfn-2 and OPA-1 were significantly down-regulated whereas Figure 6 ).
MITOCHONDRIAL FUNCTIONAL ABNORMALITIES.
Mitochondria in the failing heart also manifest functional abnormalities highlighted by excessive production of ROS with reduced ATP production (18, 19, 54) . Studies conducted in dogs with chronic HF showed significant reductions in mitochondrial membrane potential, maximum rate of ATP synthesis, ATP-ADP ratio, and of 18:2 cardiolipin (a key The changes in composition of skeletal muscle fiber type are have also been described in patients with HF and are also associated with exercise intolerance (77, 81, 85) . Patients with chronic HF have a reduced proportion of slow twitch type-1 fibers and a higher proportion of type-2 fast twitch fibers in vastus lateralis skeletal muscle biopsies (74, 77) .
These patients also manifest a reduction in myosin heavy-chain type I (85) , an isoform that is more abundant in skeletal muscle type-1 aerobic fibers. In HF, the shift in fiber-type composition may be partly due to skeletal muscle mitochondrial abnormalities and the associated reduction of ATP synthesis needed by aerobic type-1 fibers (86); reduction in ATP production can lead to an adaptation of slowtwitch type-1 fibers to utilize glycogen as energy source and thus shifting fiber-type composition toward a fast-twitch phenotype. diolipin to restore mitochondrial bioenergetics (7, 114) .
As discussed, mitochondrial cardiolipin is essential for the proper assembly and stability of the ETC to ensure optimal mitochondrial function, including biogenesis, fusion and fission, respiration, regulation of cristae formation, mtDNA stability and segregation, protein import, as well as the function and organization of the respiratory complexes into supercomplexes for oxidative phosphorylation (25, 115, 116) . 
